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Abstract 
)RU WKH$EUDVLYH)ORZ0DFKLQLQJ $)0SURFHVVDKLJKO\YLVFRXVSRO\PHULFFDUULHUPL[HGZLWKDEUDVLYHJUDLQ LVXVHGIRUGHEXUULQJHGJH
URXQGLQJDQGWKHJHQHUDOLPSURYHPHQWRIVXUIDFHTXDOLW\RIZRUNSLHFHVZLWKFRPSOH[JHRPHWULHV$WSUHVHQWWLPHFRQVXPLQJDQGH[SHQVLYH
IHDVLELOLW\VWXGLHVDQGSDUDPHWHUDQDO\VHVDUHUHTXLUHGIRUHDFKQHZDSSOLFDWLRQ$FFRUGLQJWRDPDUNHWVWXG\RIPRUHWKDQRI$)0
XVHUVUHTXHVWWKHDYDLODELOLW\RIDSURFHVVVLPXODWLRQWRPRGHODQGRSWLPL]HWKHIORZDQGSUHGLFWWKHUHVXOWVE\XVHRIQXPHULFDOPHWKRGV7KH
NH\FKDOOHQJHLVWKHDFFXUDWHGHVFULSWLRQRIWKHFRPSOH[EHKDYLRURIWKHYLVFRHODVWLFDEUDVLYHPHGLXP7KLVSDSHUH[DPLQHVD&)'DSSURDFKWR
WKH IORZ VLPXODWLRQ E\ LQWHJUDWLQJ WKH QRQ1HZWRQLDQ VKHDUWKLQQLQJ FKDUDFWHULVWLFV RI D 0D[ZHOO IOXLG LQWR WKH LQHODVWLF 1DYLHU6WRNHV
HTXDWLRQV:LWK WKH LPSOHPHQWDWLRQ RI WKH YLVFRHODVWLFPDWHULDOPRGHO LQ$16<6&); SK\VLFDOO\ UHDVRQDEOH UHVXOWV FDQ EH DFKLHYHG DQG
YDOLGDWHGE\H[SHULPHQWDOPDFKLQLQJUHVXOWVRIDGGLWLYHO\PDQXIDFWXUHG6/0ZRUNSLHFHV7KHUHVXOWVIRUIODWUHIHUHQFHZRUNSLHFHVDVZHOODV
IRUWXUELQHEODGHVDUHGLVFXVVHGDQGFRPSDUHGWRH[SHULPHQWDOUHVXOWV


7KH$XWKRUV3XEOLVKHGE\(OVHYLHU%9
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RI7KH,QWHUQDWLRQDO6FLHQWLILF&RPPLWWHHRIWKH³WK&RQIHUHQFHRQ0RGHOOLQJRI0DFKLQLQJ2SHUDWLRQV´
.H\ZRUGV$EUDVLYH)ORZ0DFKLQLQJ9LVFRHODVWLFLW\6LPXODWLRQ6HOHFWLYH/DVHU0HOWLQJ$GGLWLYH0DQXIDFWXULQJ
1. Introduction 
$EUDVLYH )ORZ 0DFKLQLQJ $)0 LV D VXUIDFH DQG HGJH
ILQLVKLQJ SURFHVV DSSURSULDWH IRU FRPSOH[ DQG LQWHUQDO
JHRPHWULHV WKDW DUH GLIILFXOW WR UHDFK ZLWK FRQYHQWLRQDO
ILQLVKLQJPHWKRGV$QRWKHUDGYDQWDJHLVWKHKLJKSRWHQWLDOIRU
VXEVWLWXWLRQ RI PDQXDO VXUIDFH ILQLVKLQJ >@ 7KH LPSRUWDQW
FRPSRQHQWV RI WKH $)0 SURFHVV DUH WKH PDFKLQH DQG WKH
DEUDVLYH PHGLD DV WKH WRRO 7KH ODWWHU FDQ EH GHVLJQHG
LQGLYLGXDOO\ DFFRUGLQJ WR WKH ZRUNSLHFH SURSHUWLHV DQG
FRQVLVWV RI D SRO\PHULF FDUULHU PL[HG ZLWK DEUDVLYH JUDLQV
HJVLOLFRQFDUELGHERURQFDUELGHDQGGLDPRQG7KHPHGLD
LV SUHVVHG WKURXJK WKH ZRUNSLHFH SDVVDJHV E\ DOWHUQDWLQJ
K\GUDXOLF F\OLQGHUV FDXVLQJPDWHULDO UHPRYDO LQ GHSHQGHQF\
RI WKH ORFDO VKHDU UDWHV 7KH RSWLPL]DWLRQ RI WKH SURFHVV
UHTXLUHVH[WHQVLYHWLPHDQGFRVWFRQVXPLQJWHVWVZLWKYDULRXV
SURFHVV SDUDPHWHUV VXFK DV WKH PDFKLQLQJ WHPSHUDWXUH WKH
IORZ YHORFLW\ DQG WKH QXPEHU RI PDFKLQLQJ F\FOHV >@ ,Q
RUGHU WRUHGXFH WKHFRVWVDQGWDNHGLIIHUHQWJHRPHWULHVRI WKH
IORZ FKDQQHO LQWR DFFRXQW )(0 >@ DQG &)' >@
VLPXODWLRQV FDQ EH LPSOHPHQWHG 7R LQFOXGH WKH FRPSOH[
PDWHULDO EHKDYLRU RI WKH DEUDVLYH PHGLD FRQVLVWLQJ RI
SRO\PHULF FDUULHU DQG DEUDVLYH JUDLQV DQ DFFXUDWH PDWHULDO
PRGHO LV UHTXLUHG 7KLV LV WKH PDMRU FKDOOHQJH GXH WR
YLVFRHODVWLFHIIHFWVDQGKLJKSDUWLFOHPDVVIUDFWLRQV
,Q WKH VFRSH RI WKLV SDSHU $)0 LV DSSOLHG RQ DGGLWLYHO\
PDQXIDFWXUHGZRUNSLHFHVZLWKW\SLFDOO\VXUIDFHVRIYHU\KLJK
URXJKQHVV6HOHFWLYH/DVHU0HOWLQJ 6/0 LV D UDSLGPHWKRG
WRFUHDWHFRPSOH[JHRPHWULHVZLWKPHFKDQLFDOSURSHUWLHV WKDW
DUHFRPSDUDEOHWRWKRVHRIFRQYHQWLRQDOO\PDQXIDFWXUHGRQHV
EXW ZLWK DQ LQVXIILFLHQW VXUIDFH TXDOLW\ &)' 6LPXODWLRQV
LQFOXGLQJ WKHDSSOLFDWLRQRI WKHPDWHULDOPRGHODV LQWURGXFHG
E\ 8+/0$11 >@ DUH FDUULHG RXW IRU JHQHULF IODW UHIHUHQFH
ZRUNSLHFHV DV ZHOO DV IRU WKH ZRUNSLHFH IL[WXUH RI D WXUELQH
EODGH 7KH VLPXODWLRQ GDWD LV FRPSDUHG WR H[SHULPHQWDO
PDFKLQLQJ UHVXOWV :LWK WKH XVH RI FDOFXODWHG IORZ
FKDUDFWHULVWLFV DQG PDFKLQHG ZRUNSLHFHV PDWHULDO UHPRYDO
PHFKDQLVPVDUHLQYHVWLJDWHG
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2. AFM processing
,Q$)0WZRK\GUDXOLFSLVWRQVH[WUXGHWKHDEUDVLYHPHGLD
EDFN DQG IRUWK WKURXJK WKH ZRUNSLHFH SDVVDJHV DV VKRZQ LQ
)LJ 'XULQJ WKH SURFHVV D KROGLQJ GHYLFH IL[HV WKH
ZRUNSLHFH DQG NHHSV WKH DEUDVLYH VXVSHQVLRQ LQ WKH IORZ
FKDQQHO )LUVWO\ WKH PHGLXP LV NQHDG DQG SUHKHDWHG WR WKH
LQWHQGHGPDFKLQLQJ WHPSHUDWXUH$IWHU WKHSUHSDUDWLRQRI WKH
PHGLXP WKH ORZHU F\OLQGHU DQG ZRUNSLHFH KROGLQJ GHYLFH
KDYH WR EH JDSOHVVO\ ILOOHG ZLWK WKH PHGLXP 7KH KROGLQJ
GHYLFHDQGWKHZRUNSLHFHDUHFODPSHGEHWZHHQWKHXSSHUDQG
ORZHUF\OLQGHU)LJ,ZLWKDFODPSLQJSUHVVXUHRIXSWR
EDU$VWKHSLVWRQVPRYHDOWHUQDWLQJWKHPHGLXPIORZVDORQJ
WKHVXUIDFHRIWKHZRUNSLHFHUHPRYLQJPDWHULDO)LJ,,DQG
,,, 7KLV SURFHVV LV UHSHDWHG XQWLO WKH GHVLUHG VXUIDFH
URXJKQHVV LV UHDFKHG7KHSURFHVVSDUDPHWHUV FDQEHHQWHUHG
YLDDWRXFKFRQWUROSDQHO
,PSRUWDQWSDUDPHWHUVLQIOXHQFLQJWKHPDFKLQLQJUHVXOWVDUH
WKH QXPEHU RI SURFHVVLQJ F\FOHV WKH SLVWRQ SUHVVXUH DQG
YHORFLW\DVZHOODVWKHPHGLXPWHPSHUDWXUHDQGFRPSRVLWLRQ
LQFOXGLQJ WKH WH[WXUH RI WKH FDUULHU WKH DPRXQW RI JUDLQ DQG
WKH VL]H RI WKH DEUDVLYH SDUWLFOHV 7KH PHGLXP LV SUHKHDWHG
EHFDXVH WKHPROHFXODUFKDLQVRI WKHSRO\PHULFVWUXFWXUHQHHG
WR EH VWUHWFKHG WR ELQG WKH DEUDVLYH SDUWLFOHV 3UHKHDWLQJ FDQ
DOVR KHOS WR HIIHFWLYHO\ UHPRYH DLU EXEEOHV LQ WKH PHGLXP
'XULQJWKHSURFHVVWKHWHPSHUDWXUHKDVWREHPDLQWDLQHGDWD
FRQVWDQW YDOXH WR DVVHVV WKH FRUUHVSRQGLQJ UHVXOWV &RPPRQ
PDFKLQLQJWHPSHUDWXUHVUDQJHEHWZHHQ&DQG&

 
)LJ6HWXSRI$)0SURFHVV




)LJ6HWXSRI$)0SURFHVV
3. Material modelling
 0HDVXUHPHQWV
7KH H[SHULPHQWDO WHVWV DUH FDUULHG RXW ZLWK $)0 PHGLD
IURP 0,&52 7(&+1,&$ 7(&+12/2*,(6 .RUQZHVWKHLP
*HUPDQ\7KHSRO\PHULFYLVFRHODVWLFFDUULHUVDUHFDOOHG0)
DQG 0) 7KH JUDLQ PDWHULDO LV VLOLFRQ FDUELGH 6L& LQ
GLIIHUHQW JUDLQ VL]HV 7R FKDUDFWHUL]H WKH FRPSOH[ PDWHULDO
EHKDYLRU RI WKHVH DEUDVLYH PHGLD G\QDPLF RVFLOODWRU\
PHDVXUHPHQWVRIWKHFRPSOH[VKHDUPRGXOXV
*L** ccc  
DUHSHUIRUPHGZLWKDURWDWLRQDOSODWHSODWHUKHRPHWHU
7KHUHDOSDUW*¶RIWKHFRPSOH[VKHDUPRGXOXVLVFDOOHGWKH
VWRUDJHPRGXOXVDQGUHSUHVHQWVWKHHODVWLFFKDUDFWHULVWLFVRID
PDWHULDO 7KH LPDJLQDU\ SDUW*´ LV FDOOHG WKH ORVV PRGXOXV
DQG LV D PHDVXUH RI WKH GLVVLSDWLYH SURSHUWLHV 7KH
PHDVXUHPHQW FXUYHV RI ERWK PRGXOL LQ GHSHQGHQFH RQ WKH
RVFLOODWLRQIUHTXHQF\ȦFDQDOVREHFRQYHUWHGLQWRDFRPSOH[
VKHDUYLVFRVLW\Ș%RWKTXDQWLWLHVDUHFRQQHFWHGE\IRUPXOD
ZZZK

 *L**   
 0D[ZHOOPRGHO
,Q WKH0D[ZHOOPRGHO >@ WKH UKHRORJLFDO SURSHUWLHV RI D
YLVFRHODVWLF IOXLG DUH UHSUHVHQWHG E\ D SXUHO\ HODVWLF VSULQJ
ZLWK VWLIIQHVV* DQG D SXUHO\ YLVFRXV GDPSLQJ HOHPHQW ZLWK
GDPSLQJ IDFWRU Ș LQ VHULHV 7KLV FRPELQDWLRQ LV FDOOHG D
0D[ZHOOHOHPHQWDQGUHSUHVHQWVDFHUWDLQSRO\PHUIUDFWLRQLQ
WKHPDWHULDOZLWKLWVFKDUDFWHULVWLFUHOD[DWLRQWLPH
*
KO  
%URDGPRODUPDVV GLVWULEXWLRQV FDQ EH UHSUHVHQWHG E\ WKH
*HQHUDOL]HG0D[ZHOO PRGHO ZLWK VHYHUDO 0D[ZHOO HOHPHQWV
FRQQHFWHG LQ SDUDOOHO DV VKRZQ LQ )LJ  * LV WKH ILQLWH
VWHDG\VWDWHVKHDUPRGXOXVIRUTXDVLVWDWLFGHIRUPDWLRQ


)LJ*HQHUDOL]HG0D[ZHOOPRGHO
7KHRVFLOODWRU\PHDVXUHPHQW GDWD RI WKH DEUDVLYHPHGLXP
LV PRGHOOHG E\ WKUHH0D[ZHOO HOHPHQWV ZKDW LPSOLHV VHYHQ
SDUDPHWHUV****ȘȘDQGȘZLWKDQDFFXUDF\RI
PRUH WKDQ  >@ )RU WKH &)' VLPXODWLRQV FRQWLQXRXV
PRGHO IXQFWLRQV IRU VWRUDJH DQG ORVVPRGXOXV DUH FDOFXODWHG
IURP WKH0D[ZHOO PRGXOL DQG UHOD[DWLRQ WLPHV DV GHVFULEHG
EHORZ>@
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 &R[0HU]5XOH
7KH &R[0HU] 5XOH >@ LV DQ HPSLULFDO UHODWLRQVKLS
VXSSRVLQJ WKDW WKH PDJQLWXGH RI WKH FRPSOH[ G\QDPLF
YLVFRVLW\ IURP RVFLOODWRU\ PHDVXUHPHQWV DQG WKH VKHDU
YLVFRVLW\ IURP VWHDG\ VWDWH PHDVXUHPHQWV DUH WKH VDPH IRU
HTXDOYDOXHVRIRVFLOODWLRQIUHTXHQF\ȦDQGVKHDUVWUDLQUDWHߛሶ 
        ZJJKZKZKZK   ccc  
+HQFH VWHDG\ VWDWH YLVFRVLW\ LQIRUPDWLRQ FDQ EH REWDLQHG
IURP RVFLOODWRU\ PHDVXUHPHQWV DQG YLFH YHUVD 7KH UXOH LV
DSSOLFDEOHIRUPRVWSRO\PHUVROXWLRQVDQGPHOWVEXWLWIDLOVIRU
GLVSHUVLRQV DQG JHOV ,W LV YDOLG IRU 0D[ZHOO IOXLGV OLNH WKH
DEUDVLYH PHGLD ZKHUH PHFKDQLFDO LQWHUDFWLRQV SUHYDLO RYHU
SK\VLFDODQGFKHPLFDOLQWHUDFWLRQVLQWKHSRO\PHUV\VWHP>@
)LJ  VKRZV WKH PHDVXUHG YLVFRVLW\ GDWD DQG WKH
FRUUHVSRQGLQJ 0D[ZHOO PRGHO IXQFWLRQ IRU WKH PHGLXP
0)6 DW & 7KLV PHGLXP KDV D KLJK YLVFRVLW\
DQG FRQWDLQV D PDVV IUDFWLRQ RI  RI 6L& JUDLQV ZLWK DQ
DYHUDJH VL]H RI P )RU WKH &)' VLPXODWLRQV WKH VKHDU
VWUDLQ UDWH GHSHQGHQW 0D[ZHOO YLVFRVLW\ IXQFWLRQ KDV EHHQ
H[WHQGHGE\DORZHUDQGXSSHUOLPLWFRUUHVSRQGLQJWRWKH]HUR
DQG LQILQLWH VKHDU YLVFRVLW\ LQ DFFRUGDQFH ZLWK WKH DFWXDO
PDWHULDO EHKDYLRU 0LQLPXP DQG PD[LPXP YDOXHV RI WKH
YLVFRVLW\DUHDOVRQHFHVVDU\IRUQXPHULFDOUHDVRQV
)LJ0HDVXUHGDQGPRGHOOHGYLVFRVLW\
4. CFD Simulation 
 *RYHUQLQJHTXDWLRQV
7KH&)' VLPXODWLRQ VRIWZDUH$16<6&); Y LV EDVHG
RQ WKH LQHODVWLF 1DYLHU6WRNHV HTXDWLRQV FRQVLVWLQJ RI WKH
PRPHQWXPHTXDWLRQV
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
IRU WKH SUHVVXUH ILHOG 7KH WUDQVSRUW HTXDWLRQV DERYH DUH
VROYHGLWHUDWLYHO\E\WKHILQLWHYROXPHWHFKQLTXH
 *HRPHWU\
7KRURXJKSDUDPHWHU VWXGLHVKDYHEHHQ FDUULHGRXW IRU IODW
UHIHUHQFHZRUNSLHFHVWRH[DPLQHWKHHIIHFWVRISLVWRQYHORFLW\
ZRUNLQJ WHPSHUDWXUH SRO\PHULF FDUULHU YLVFRVLW\ DQG
SURFHVVLQJ GXUDWLRQ RQ VXUIDFH URXJKQHVV DQG PDWHULDO
UHPRYDO UDWH 055 7KH ZRUNSLHFH IL[WXUH FRQVLVWV RI D
UHFWDQJXODUJDSFRQWDLQLQJWKHVDPSOHDVRQHRILWVZDOOV7KH
VLPXODWLRQRIWKLVVLPSOHJHRPHWU\KHOSVWRJHWDILUVWJHQHUDO
LPSUHVVLRQ RI WKH IORZ FKDUDFWHULVWLFV GXULQJ WKH $)0
SURFHVV
)XUWKHUPRUH WKH ILQLVKLQJ SURFHVV RI D PRUH FRPSOH[
JHRPHWU\ D WXUELQH EODGH SURGXFHG E\ 6/0 LV VLPXODWHG WR
JLYH DQ H[DPSOH RI SUDFWLFDOO\ UHOHYDQW DSSOLFDWLRQV )LJ 
VKRZVWKHZRUNSLHFHVDQGWKHKROGLQJGHYLFHV



)LJ&$'0RGHORIZRUNSLHFHDQGKROGLQJGHYLFH
IRUUHIHUHQFHZRUNSLHFHOHIWDQGWXUELQHEODGHULJKW
,Q )LJ  WKH FRPSXWDWLRQDO IOXLG GRPDLQV DUH SUHVHQWHG IRU
ERWKZRUNSLHFHV&RQYHUJHQFHVWXGLHVVKRZWKDWPDWKHPDWLFDO
VWDEOHUHVXOWVFDQEHDFKLHYHGZLWKPLOOLRQHOHPHQWVIRUWKH
IODW UHIHUHQFH ZRUNSLHFH DQG  PLOOLRQ HOHPHQWV IRU WKH
WXUELQHEODGH

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)LJ&RPSXWDWLRQDOGRPDLQIRUUHIHUHQFHZRUNSLHFHOHIWDQGEODGHULJKW
 6HWXS
,VRWKHUPODPLQDUVWHDG\VWDWHDQDO\VHVDUHLPSOHPHQWHGWR
PRGHO WKHFRQVWDQWPD[LPDOVSHHGRI WKHSLVWRQZKLFK WDNHV
WKHPDLQSDUWRIDVLQJOHPDFKLQLQJF\FOHDQGFDXVLQJPDWHULDO
UHPRYDO7KHIOXLGLVLQFRPSUHVVLEOHDQGQRQ1HZWRQLDQZLWK
D YDULDEOH VKHDUWKLQQLQJ YLVFRVLW\ IXQFWLRQ EDVHG RQ WKH
RVFLOODWRU\ PHDVXUHPHQWV WKH 0D[ZHOO PRGHO DQG WKH &R[
0HU]UXOH
7KHIORZERXQGDU\FRQGLWLRQVDUHVHWZLWKUHIHUHQFHWRWKH
DEUDVLYH IORZ PDFKLQH WKH YHORFLW\ DW WKH LQOHW HTXDOV WKH
SLVWRQ YHORFLW\ DQG WKH SUHVVXUH DW WKH RXWOHW FRUUHVSRQGV WR
PHDVXUHPHQWV RI WKH VWDWLF PHGLXP SUHVVXUH GXULQJ WKH
SURFHVV$VWXG\RIGLIIHUHQW IORZFRQGLWLRQVFRQILUPHG WKDW
WKLV VHWXS GHOLYHUV DGHTXDWH DQG UHDVRQDEOH UHVXOWV WKDW DUH
FRPSDUDEOH WR WKRVH RI D PRYLQJ ZDOO ERXQGDU\ FRQGLWLRQ
UHSUHVHQWLQJWKHSLVWRQDWWKHLQOHW
 :DOOWUHDWPHQW
:DOO VOLS LV NQRZQ WR RFFXU LQ SRO\PHULF IOXLGV >@ DQG
KDVWKHUHIRUHEHHQREVHUYHGLQWKHFRQWH[WRIWKH$)0SURFHVV
>@ 7KXV WKH UHODWLYH PRYHPHQW EHWZHHQ WKH DEUDVLYH
PHGLXP DQG WKH ZRUNSLHFH LV UHVSRQVLEOH IRU WKH PDWHULDO
UHPRYDODQGFDQEHFRQVLGHUHGDVDPHDVXUHRIWKHPDFKLQLQJ
UHVXOWV 7R FDSWXUH WKH UHDO IOXLG EHKDYLRU DW ZDOOV D VOLS
PRGHO LV PDULQHHGHG 7KH &)' VLPXODWLRQV DUH FDUULHG RXW
ZLWKIXOODQGILQLWHVOLSDVZHOODVZLWKRXWVOLSWRH[DPLQH LWV
HIIHFWRQWKHIORZ
7KHIROORZLQJPRGHO IRUILQLWHVOLS LVDYDLODEOHLQ$16<6
&);Y
¸¸¹
·
¨¨©
§  
Q
F
6Z XX W
WW
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
7KH DSSOLHG VOLSPRGHO LV D YDULDWLRQ RI 1DYLHU¶V OLQHDU VOLS
ODZZKHUHWKHZDOOVOLSYHORFLW\XZGHSHQGVRQWKHORFDOYDOXH
RIWKHVKHDUVWUHVVɒ VOLSRFFXUVRQO\ZKHQDFULWLFDOVKHDU
VWUHVVɒFLVH[FHHGHG
5. Results and Discussion 
 ([SHULPHQWDODQGQXPHULFDOUHVXOWV
0DWHULDO UHPRYDO LV QRW VLPXODWHG DV WKLV ZRXOG OHDG WR
PXFK PRUH FRPSOH[ &)' VLPXODWLRQV GXH WR WKH JHRPHWU\
FKDQJHV 7KH VKHDU VWUDLQ UDWH LV FKRVHQ IRU FRPSDULVRQ
EHWZHHQ&)'VLPXODWLRQUHVXOWVDQGWKHUHIHUHQFHZRUNSLHFH
VLQFH WKHPDWHULDO EHKDYLRU DQGJUDLQ DQFKRULQJ LV VKDUH UDWH
GHSHQGHQW
)LJ  VKRZV WKH FRPSXWHG VKHDU VWUDLQ UDWHV DW WKH
ZRUNSLHFH ZDOO DQG WKH RSWLFDOO\ PHDVXUHG VXUIDFH RI WKH
UHIHUHQFH ZRUNSLHFH DIWHU WKUHH PDFKLQLQJ F\FOHV ZLWK WKH
PHGLXP 0)6 2EYLRXVO\ WKH PDWHULDO UHPRYDO
UDWH LQFUHDVHV ORFDOO\ DW WKH FHQWHU DV ZHOO DV DW WKH LQ DQG
RXWIORZDUHDRI WKH DOWHUQDWLQJ IORZRI WKH DEUDVLYHPHGLXP
7KHGDUNDUHDVRQWKHOHIWDQGWKHULJKWHGJHDUHDUHVXOWRIWKH
FODPSLQJ RI WKH ZRUNSLHFH $ FRPSDULVRQ EHWZHHQ WKH
PDFKLQHG DQG VLPXODWHG UHVXOWV VKRZV VLJQLILFDQW FRUUHODWLRQ
EHWZHHQ WKH FDOFXODWHG VKHDU VWUDLQ UDWHV DQG WKH VXUIDFH
TXDOLW\ RI WKH PDFKLQHG ZRUNSLHFH $ ORFDO LQFUHDVH RI WKH
VKHDU UDWH OHDGV WR D KLJKHU VWRUDJH PRGXOXV *¶ DQG D
GHFUHDVLQJ YLVFRVLW\ ZKLFK FRUUHVSRQGV WR VROLG EHKDYLRU RI
WKHYLVFRHODVWLFFDUULHU7KHUHODWHGILUPIL[WXUHRIWKHDEUDVLYH
JUDLQV FDXVHV WKH REVHUYHG LQWHQVLILHG PDWHULDO UHPRYDO LQ
WKHVHDUHDV
)LJ6LPXODWHGVKHDUVWUDLQUDWHOHIWDQGRSWLFDOO\PHDVXUHGVXUIDFH
TXDOLW\ULJKWRQWKHUHIHUHQFHZRUNSLHFHVXUIDFH

6LPLODU ORFDO GLIIHUHQFHV LQ VXUIDFH TXDOLW\ FDQ DOVR EH
REVHUYHG IRU WKH WXUELQH EODGH DV LOOXVWUDWHG LQ )LJ  7KH
SURFHVVRI  F\FOHVZLWK0)6 UHVXOWV LQ DQ HYHQ
EXWVORZLPSURYHPHQWRILWVVXUIDFHTXDOLW\2QWKHHGJHVWKH
PDWHULDOUHPRYDODQGURXJKQHVVUHGXFWLRQDUHPXFKKLJKHUDV
VKRZQRQWKHULJKWVLGHRI)LJ

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)LJ0DFKLQLQJUHVXOWVIRUWKH$0WXUELQHEODGH
 6KHDUUDWHDQGYLVFRVLW\
7KH SRVWSURFHVVLQJ RI WKH VLPXODWLRQ GDWD JLYHV VRPH
JHQHUDO LQVLJKW LQWR IORZ DQG PDWHULDO UHPRYDO PHFKDQLVPV
GXULQJ WKH DEUDVLYH IORZ PDFKLQLQJ SURFHVV 7KH ORFDO
YLVFRVLW\ LV QRW D FRQVWDQW EXW GHSHQGHQW RQ WKH ORFDO VKHDU
UDWHZKLFKLVDIXQFWLRQRIWKHIORZYHORFLW\JUDGLHQW%HFDXVH
RI WKH VKHDUWKLQQLQJ EHKDYLRU RI WKH SRO\PHULF DEUDVLYH
PHGLDDEUXSW YHORFLW\FKDQJHV UHVXOW LQKLJKVKHDU UDWHVDQG
ORZ YLVFRVLW\ &RQVHTXHQWO\ YLVFRXV SURSHUWLHV EHFRPH OHVV
VLJQLILFDQWZKHUHDVHODVWLFLW\GRPLQDWHV7KHDEUDVLYHJUDLQLV
ILUPO\DQFKRUHGLQWKHVWLIIHQHGSRO\PHU
)LJ  SUHVHQWV WKH GLIIHUHQFH EHWZHHQ VWRUDJH DQG ORVV
PRGXOXVRQ WKHVXUIDFHRI WKHVLPXODWHG IODW UHIHUHQFHSUREH
9LVFRXVDQGHODVWLFSURSHUWLHVDUHEDODQFHGIRUHTXDOYDOXHVRI
WKH VWRUDJH DQG ORVV PRGXOXV LH ǻ*  *
*

 1HJDWLYH
YDOXHV RI ǻ* UHSUHVHQW KHQFH IOXLG DQG SRVLWLYH RQHV VROLG
PDWHULDO EHKDYLRU 7KH IRUPHU RFFXUV LQ WKH IORZ FKDQQHO
FRUQHUV ZKHUH WKHPDWHULDO UHPRYDO UDWH LVPXFK ORZHU 7KH
ODWWHU GRPLQDWHV RQ WKH ZRUNSLHFH VXUIDFH HVSHFLDOO\ LQ LWV
FHQWHUDQGFDXVHVWKHGHVFULEHGPDFKLQLQJUHVXOWV
)LJ&DOFXODWHGVWRUDJHDQGORVVPRGXOXVRQWKHIODWUHIHUHQFHZRUNSLHFH
 3UHVVXUHGURSDQGYHORFLW\GLVWULEXWLRQ
0HGLXPSUHVVXUHPHDVXUHPHQWVDWWKHLQDQGRXWOHWRIWKH
DEUDVLYH IORZ PDFKLQH KDYH EHHQ FDUULHG RXW GXULQJ WKH
ZRUNLQJF\FOH7KHSUHVVXUHGURSLQWKHIORZFKDQQHOFDQWKXV
EHFRPSDUHGWRWKHVLPXODWLRQUHVXOWV
,W WXUQV RXW WKDW WKH VLPXODWHG SUHVVXUH GURS LV VWURQJO\
GHSHQGHQWRQWKHZDOOERXQGDU\FRQGLWLRQ,WLVFRPSDUDEOHWR
WKHPHDVXUHGGDWDXVLQJDVOLSIUHHFRQGLWLRQDQGLQFUHDVHVDV
D IXQFWLRQ RI WKH ERXQGDU\ OD\HU SURILOH &RQVHTXHQWO\
SURIRXQG LQYHVWLJDWLRQV RI WKH YHORFLW\ SURILOH DQG WKH UHDO
YHORFLW\RIWKHPHGLXPDWWKHZDOODUHQHFHVVDU\
)XUWKHUPRUH D GLUHFW FRQQHFWLRQ EHWZHHQ WKH PDFKLQLQJ
UHVXOWVDQG WKHPHDVXUHGGLIIHUHQFHRISUHVVXUHEHWZHHQ LQOHW
DQG RXWOHW GXULQJ WKH SURFHVV ZDV GHWHFWHG 7KH PDWHULDO
UHPRYDO UDWH LQFUHDVHV GLVWLQFWO\ ZLWK WKH REVHUYHG SUHVVXUH
GURS7KHGHSHQGHQFHLVDUHVXOWRIWKHYDU\LQJIULFWLRQFDXVHG
ORVVHV RQ WKH ZRUNSLHFH VXUIDFH 7KLV REVHUYDWLRQ LV YHU\
XVHIXO DV LW DOORZV D VSHFLILF SURFHVVUHODWHG UHDOWLPH
DGMXVWPHQWRIPDFKLQLQJSDUDPHWHUV
)LJ  LOOXVWUDWHV WKH VLPXODWHG YHORFLW\ RI WKH DEUDVLYH
PHGLXP DW WKH ZDOO ZLWK WKH ILQLWH VOLS PRGHO DV GHVFULEHG
DERYH ,W LV D PHDVXUH IRU WKH PDWHULDO UHPRYDO UDWH DQG
FRUUHODWHVZLWK WKHREVHUYHG H[SHULPHQWDO UHVXOWV'XH WR WKH
FULWLFDOVWUHVVOLPLWRQO\SDUWLDOVOLSRFFXUVLQDUHDVZLWKKLJK
VKHDUUDWHVDQGVKHDUVWUHVV
)LJ6LPXODWHGZDOOVOLSYHORFLW\RQWKHIODWUHIHUHQFHZRUNSLHFH
7KHVLPXODWHGVWUHDPOLQHV LQ WKHZRUNSLHFHIL[WXUH IRU WKH
SURFHVVLQJ RI WKH 6/0 WXUELQH EODGH DUH VKRZQ LQ )LJ 
'XULQJ D PDFKLQLQJ F\FOH WKH OHDGLQJ DQG WUDLOLQJ HGJH
DOWHUQDWHZLWK WKHJHQHUDO IORZGLUHFWLRQ$V WKHEODGH IRUFHV
WKH DEUDVLYHPHGLXP WR VHSDUDWH KLJKYHORFLW\ JUDGLHQWV DQG
VKHDUUDWHVRFFXUDWERWKHGJHVUHVXOWLQJLQVROLGOLNHEHKDYLRU
DQG D JRRG DQFKRULQJ RI WKH JUDLQV KHQFH D KLJK PDWHULDO
UHPRYDO UDWH7KLVFRUUHODWHVZLWK WKHGHVFULEHGH[SHULPHQWDO
REVHUYDWLRQVDVZHOO
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)LJ6LPXODWHGVWUHDPOLQHVRIWKHDEUDVLYHPHGLXPLQWKHFRPSXWDWLRQDO
GRPDLQRIWKH6/0WXUELQHEODGH
 'HVLJQUHFRPPHQGDWLRQV
%DVHG RQ &)' VLPXODWLRQV GHVLJQ FULWHULD IRU WKH
RSWLPL]DWLRQ RI ZRUNSLHFH IL[WXUHV FDQ EH GHULYHG $V D
FRQVHTXHQFH IORZ UHODWHG SUREOHPV FDQ EH LGHQWLILHG DQG
HOLPLQDWHG GXULQJ WKH UXQXS RI H[SHULPHQWDO WHVWV WR UHGXFH
WKHRYHUDOOWLPHHIIRUWIRUQHZPDFKLQLQJVHWXSV
7KH JRDO RI VXUIDFH ILQLVKLQJ LV D FRQVWDQW KLJK VXUIDFH
TXDOLW\ 7KH REVHUYHG VLJQLILFDQW HGJH URXQGLQJ DQG LQIORZ
DUHDHIIHFWVDUHQHLWKHUGHWULPHQWDOQRUQHFHVVDU\7KH\DUHD
QDWXUDO IORZ SKHQRPHQRQ DQG WKXV FDQQRW EH DYRLGHG $
KRPRJHQL]DWLRQ FDQ EH DFKLHYHG E\ UHSODFLQJ DEUXSW FURVV
VHFWLRQFKDQJHVZLWKVPRRWKWUDQVLWLRQV)RUWKHIODWUHIHUHQFH
ZRUNSLHFHVIXQQHOVKDSHGLQDQGRXWIORZDUHDVZRXOGOHDGWR
D VPRRWKHU LQFUHDVH RI VKHDU VWUDLQ UDWH DQG XQLIRUP
PDFKLQLQJ UHVXOWV ,Q WKH VDPHPDQQHU FULWLFDO VHFWLRQV VXFK
DV VWHSV DQG DQDUURZLQJ LQ WKH EODGH LQIORZDUHDKDYHEHHQ
LGHQWLILHGLQWKHWXUELQHEODGHIL[WXUH
6.  Conclusion and Outlook 
7KH0D[ZHOOPRGHO>@KDVEHHQDSSOLHGWRWKHUKHRORJLFDO
RVFLOODWRU\PHDVXUHPHQWGDWDRIVHYHUDODEUDVLYHPHGLD,QWKH
DSSOLHG JHQHUDOL]HG 0D[ZHOO PDWHULDO PRGHO  SDUDPHWHUV
FRQVLVWLQJRIUHOD[DWLRQPRGXOLDQGUHOD[DWLRQWLPHVUHSUHVHQW
WKHGLIIHUHQWSRO\PHUIUDFWLRQV
%DVHG RQ WKH &R[0HU] UXOH D VKHDU UDWH GHSHQGHQW
YLVFRVLW\ IXQFWLRQ LV REWDLQHG DQG LQWHJUDWHG LQWR WKH
FRPPHUFLDO&)'VLPXODWLRQVRIWZDUH$16<6&);Y)ORZ
VLPXODWLRQV RI WKH $)0 SURFHVV KDYH EHHQ FDUULHG RXW E\
VROYLQJWKHVWHDG\VWDWHLQHODVWLF1DYLHU6WRNHVHTXDWLRQV
7KH FRQVLGHUHG PDFKLQLQJ VHWXSV DUH IODW JHQHULF 6/0
VDPSOHV WKDW KDYH EHHQ WKH VSHFLPHQ RI DQ H[SHULPHQWDO
SDUDPHWHUVWXG\$VDSUDFWLFDOO\UHOHYDQWFRPSOH[ZRUNSLHFH
DQ6/0WXUELQHEODGHKDVEHHQXVHG
7KH JHRPHWU\ VHWXS LQLWLDO DQG ERXQGDU\ FRQGLWLRQV DUH
ZLGHO\ LQ DFFRUGDQFH ZLWK PHDVXUHPHQWV IURP DQ DEUDVLYH
IORZPDFKLQH+HQFH VLPXODWLRQ GDWD DQGPDFKLQLQJ UHVXOWV
FDQ EH FRPSDUHG DQG FRUUHODWH LQ WHUPV RI ORFDO PDWHULDO
UHPRYDO UDWHV DQG URXJKQHVV UHGXFWLRQ 7KH VLPXODWHG
SUHVVXUHGURSKLJKO\GHSHQGVRQWKHZDOOERXQGDU\FRQGLWLRQ
7KDW YDULHV IURPQR VOLS WR ILQLWH DQG VOLSIUHH DV WKH IRUPHU
UHVXOW LQ YHU\ KLJK SUHVVXUH GLIIHUHQFHV 0RUH LQYHVWLJDWLRQV
DQG FRPSDULVRQ WR H[SHULPHQWDO UHVXOWV DUH QHFHVVDU\ WR
FDOLEUDWHWKHZDOOERXQGDU\FRQGLWLRQLQIXUWKHUVLPXODWLRQV
2QH IRFXV RI XSFRPLQJ VLPXODWLRQV ZLOO EH WKH
LPSURYHPHQW RI WKH DEUDVLYH PHGLD IORZ JXLGDQFH LQ WKH
ZRUNSLHFH IL[WXUH7KLV LQFOXGHV WKH GHVLJQ DQG RSWLPL]DWLRQ
RIIL[WXUHVIRUHPHUJLQJDQGH[LVWLQJDSSOLFDWLRQV
0RUHRYHU WKHVLPXODWLRQLWVHOIFDQEHLPSURYHG7KHZDOO
VOLS PRGHO KDV WR EH FDOLEUDWHG EDVHG RQ PHDVXUHG SURFHVV
GDWD VXFK DV ZDOO VOLS YHORFLWLHV XVLQJ RSWLFDO DFFHVV 7KH
HODVWLFSURSHUWLHVRIWKHSRO\PHULFFDUULHUDUHRILPSRUWDQFHDV
ZHOO 7KH HODVWLFDOO\ VWRUHG HQHUJ\ LV UHFRYHUHG IRU H[DPSOH
ZKHQ WKH PHGLXP H[LWV D JDS 7KLV FDXVHV SKHQRPHQD OLNH
H[WUXGDWH VZHOO DQG WKH :HLVVHQEHUJ HIIHFW WKDW FDQQRW EH
QHJOHFWHGLQWKHIORZVLPXODWLRQRIYLVFRHODVWLFPHGLD
)RUWKLVVWXG\YDULDEOHVOLNH WKHVKHDUUDWHFRPSOH[VKHDU
PRGXOXV DQG SUHVVXUH GURS KDV EHHQ XVHG WR FRPSDUH WKH
FXUUHQW VLPXODWLRQ GDWD WR PHDVXUHPHQWV $ PRUH H[SOLFLW
UHODWLRQEHWZHHQWKHH[SHULPHQWDODQGPDFKLQLQJUHVXOWVQHHGV
WREHGHYHORSHGLQWKHIRUPRIDQHPSLULFDOPDWHULDOUHPRYDO
PRGHOWRSUHGLFWVSHFLILFORFDOVXUIDFHTXDOLW\
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